Liraglutide is a once-daily glucagon-like peptide 1 (GLP-1) receptor agonist, approved for use as a treatment of type 2 diabetes. Like other drugs of the same class, liraglutide stimulates insulin secretion in a glucose-dependent fashion, has the potential of preventing β-cell mass decline, and inhibits food intake. In addition, experimental studies suggest that the GLP-1 receptor agonists could protect myocardium from ischemic injury, enhancing cardiac function. In clinical trials, liraglutide (in monotherapy or as add-on to 1 or 2 oral drugs) is as effective as, or more effective than, other agents (sulfonylureas, thiazolidinediones, dipeptidyl peptidase-4 inhibitors, insulin, and exenatide) in reducing hemoglobin A 1c ; induces weight loss; and has a blood pressure-lowering effect. The possible beneficial cardiovascular effects need to be confirmed by specifically designed long-term studies.
demonstrated at the surface of several target cell types. [2] [3] [4] The stimulation of GLP-1 receptors on pancreatic β cell enhances glucose-induced insulin secretion; on the other hand, in whole islets (although not in isolated α cells), glucagon secretion is inhibited, at least in conditions of hypoglycemia. These 2 effects contribute to the reduction of postprandial hyperglycemia. [4] [5] [6] [7] The effects of GIP on α and β cells are similar to that of GLP-1 although the latter hormone appears to be more relevant for the physiologic regulation of glucose metabolism in humans. 7 Interestingly, prolonged exposure to GLP-1 appears to inhibit apoptosis and stimulate β-cell neogenesis, thus increasing β-cell mass. 6, 7 Although the effect of GLP-1 and GIP on glucose metabolism appears to be mainly due to the stimulation of insulin secretion, some experiments suggest that GLP-1 could also have some insulin-sensitizing effect, not entirely accounted for by the improvement of blood glucose and by the suppression of insulin secretion. 8, 9 Although this point remains controversial, 10, 11 both GLP-1 and GIP are rapidly inactivated by several peptidases, the most important of which is dipeptidyl peptidase-4 (DPP-4). 7 Although the possibility of direct biological actions of the "inactivated" form of GLP-1, GLP-1 amide, has been suggested, this peptide is devoid of substantial hypoglycemic properties.
Postprandial circulating concentrations of active GLP-1 are reduced in type 2 diabetes; [12] [13] [14] this is partly due to reduced secretion and enhanced degradation by DPP-4. Chronic hyperglycemia stimulated DPP-4 inhibition and activity, 15, 16 and it possibly blunts GLP-1 secretion, thus establishing a vicious cycle. Although a primary pathogenetic role of impaired GLP-1 response to meal is questionable, the disturbances of the incretin axis induced by elevated blood glucose are likely to contribute to the genesis of postprandial hyperglycemia in type 2 diabetes patients.
Extraglycemic effects of incretins
The actions of GLP-1 are summarized in Figure 1 . The administration of active GLP-1, in rodents and in humans, enhances satiety and reduces food intake, promoting weight loss; 3, 4 however, treatment with GLP-1 receptor agonists is associated with reduction of body weight in type 2 diabetes patients. 17, 18 At supraphysiological concentrations Liraglutide in type 2 diabetes of the hormone, active GLP-1 inhibits food intake by delaying gastric emptying. Even at lower concentrations, GLP-1 suppresses appetite through a direct effect on specific hypothalamic receptors; in humans, those central effects can be exerted by peripherally secreted GLP-1, which is able to cross the blood-brain barrier. 2, 19 Furthermore, GLP-1 is used as a neuromediator by a small population of neurons of the nucleus of the solitary tract, which participates to the regulation of appetite and satiety. 20 Recent evidence shows that GLP-1 also has relevant direct effects on the cardiovascular system. 2, 21 In particular, the hormone enhances cardiac function, both in animal models and in humans, through a direct interaction with myocardiocytes. 22, 23 In rodents, the administration of active GLP-1 increases heart rate, possibly via a central action on the neuroregulation of heart rate, but no such effect has ever been observed in humans, either with native GLP-1 or GLP-1 receptor agonists. 2 The cardiac effects of GLP-1 could be clinically relevant, as suggested by pilot studies showing that the short-term infusion of the hormone enhances myocardial function in patients with ischemic heart disease and/or heart failure. 23, 24 Experimental studies have shown that inactivated forms of GLP-1, such as GLP-1(9-36) amide, which is not an agonist of GLP-1 receptor, also have positive effects on myocardiocyte function. This suggests that the cardiac actions of GLP-1 could be partly mediated via a GLP-1 receptorindependent, and still obscure, pathway. 7, 25 Furthermore, it is possible that some cardiac effects of active GLP-1 are due to its inactivated metabolite GLP-1 . For this reason, the myocardial actions of GLP-1 receptor agonists could be heterogeneous and different from those of native GLP-1.
Another important effect of GLP-1 is represented by its hypotensive action. Treatment of type 2 diabetes patients with GLP-1 receptor agonists, exenatide and liraglutide, produces a reduction in blood pressure, 26, 27 which is independent of weight loss and is attributable, at least partly, to a natriuretic effect of GLP-1 receptor stimulation. 28
Incretin-based therapies: DPP-4 inhibitors and GLP-1 receptor agonists
GLP-1 induces a glucose-dependent increase in insulin secretion and decrease in glucagon secretion; furthermore, it enhances β-cell function, inhibits β-cell apoptosis, induces a remarkable weight loss, and reduces blood pressure, while enhancing cardiac functions. All these properties make GLP-1 an ideal drug for the treatment of type 2 diabetes.
Unfortunately, its kinetics is incompatible with clinical use. In fact, the active form of the peptide, GLP-1 amide, is rapidly metabolized by several peptidases. The most important enzyme for GLP-1 (and GIP) degradation, DPP-4, cleaves a N-terminal dipeptide, producing the inactive GLP-1(9-36) amide, which is a weak GLP-1 receptor antagonist. 3, 7 To exploit the therapeutic potential of GLP-1, 2 different strategies have been explored. DPP-4 has been targeted for the development of inhibitors, which increase half-life and circulating concentrations of endogenous active GLP-1 and GIP. 29, 30 The class of DPP-4 inhibitors includes several molecules (such as vildagliptin, sitagliptin, saxagliptin, alogliptin, linagliptin), all administered orally once or twice daily. DPP-4 inhibitors have been shown to reduce plasma glucose and HbA 1c to a somewhat lower extent than other available drugs if used in monotherapy. 31 They can be combined with insulin-sensitizing drugs (metformin and thiazolidinediones) and/or insulinotropic agents (sulfonylureas). DPP-4 inhibitors do not induce weight gain, nor weight loss, and, unless they are associated with stimulators of insulin secretion, they do not induce any relevant hypoglycemic risk. 17, 31 In general, their tolerability and safety profile seem to be extremely favorable; in fact, mild upper respiratory tract or urinary tract infections are the only adverse events registered, although long-term, large-scale studies are still lacking.
An alternative approach is represented by the development of GLP-1 receptor agonists, which are resistant to the action of DPP-4, so that their kinetics is compatible with clinical use. Unlike DPP-4 inhibitors, GLP-1 receptor agonists need to be administered through subcutaneous injections. The first molecule of this class, exenatide, has a 1.5-hour half-life, which warrants plasma concentrations within the therapeutic range for 4-5 hours after administration. Used twice daily, before main meals, exenatide induces a relevant reduction of plasma glucose and HbA 1c in comparison with placebo, associated with remarkable weight loss. 17, 18 Longer-term data from uncontrolled extensions of randomized clinical trials show that exenatide has a sustained hypoglycemic and weight-reducing effect for as long as 30 months. 26 Unless associated with a sulfonylurea, this drug does not induce hypoglycemia. The main adverse event is represented by nausea and vomiting, which occurs in about one-third of all patients; these side effects are usually transient, so that it leads to discontinuation of therapy in only a minority of patients. 18 The only severe adverse event that has been associated with exenatide treatment to date is represented by rare cases of usually mild acute pancreatitis. Exenatide is indicated as add-on treatment in patients inadequately controlled with metformin and/or sulfonylureas. Some guidelines recommend its use as a second-line therapy in metformin monotherapy failure, 32 whereas others suggest to prescribe exenatide, as an alternative to insulin, in patients failing to the combination of metformin and sulfonylureas. 33 In fact, although most trials were performed in subjects inadequately controlled with 2 drugs, physiopathological considerations suggest that GLP-1 receptor agonists should be more useful in earlier stages of the disease.
DPP-4 inhibitors and GLP-1 receptor agonists, although they act on the same pathway, have a quite different clinical profile ( Table 1) . Apart from the obvious difference in the route of administration (oral for DPP-4 inhibitors and subcutaneous for GLP-1 receptor agonists), DPP-4 inhibitors have a superior tolerability profile with very few patients complaining of adverse events, whereas GLP-1 receptor agonists are associated with nausea. Conversely, GLP-1 receptor agonists unlike DPP-4 inhibitors induce weight loss. Furthermore, direct comparisons show a greater efficacy of exenatide and liraglutide with respect to the DPP-4 inhibitor sitagliptin. 33, 34 These differences are due to the fact that treatment with DPP-4 inhibitors induces a 3-to 4-fold increase of active GLP-1 concentrations, whereas circulating concentrations of GLP-1 receptor agonists (expressed as molarity) can reach levels as high as 15 times those of endogenous GLP-1. 33
Liraglutide: mechanisms of action, preclinical studies, and early clinical development
Liraglutide was developed as a long-acting, DPP-4 resistant, GLP-1 receptor agonists based on the structure of native GLP-1, which was modified by replacing a lysine with an arginine residue at position 34 and by attaching a C16 acyl chain via a glutamoyl spacer to lysine at position 26. 27 This structural modification allowed the development of a GLP-1like molecule with an affinity for the GLP-1 receptor similar to that of native GLP-1 but with a longer half-life. 27 Liraglutide, which has a half-life of about 13 hours, can be administered once daily (at the dose of 1.2-1.8 mg), reaching and maintaining therapeutic concentrations throughout 24 hours. 35 In fact, liraglutide is relatively resistant to DPP-4 activity; furthermore, the fatty acid chain promotes binding to albumin, which reduced the renal clearance of the molecule. 36 Liraglutide has a direct effect on pancreatic β cells, stimulating insulin biosynthesis and secretion. 27 The administration of liraglutide in several animal models and in human stimulates glucose-dependent insulin release, while enhancing the inhibitory effect of hyperglycemia on glucagon secretion. This leads to a dose-dependent reduction of plasma glucose. At the same time, liraglutide suppresses food intake and induces weight loss in several animal models. 27, 35 Available evidence shows that in vivo chronic administration of liraglutide increases β-cell mass in several rodent models of diabetes; furthermore, the drug inhibits β-cell apoptosis in human islets in vitro. 27 Phase 2 clinical trials showed a dose-dependent effect of liraglutide on blood glucose and HbA 1c in the range of 0.5-2.0 mg/d, allowing the identification of 0.6, 1.2, and 1.8 mg/d as the most convenient dosage for the treatment of type 2 diabetes. 27, 35 The increase of daily doses over 2 mg/d does not produce additional effects on glucose, but it induces a further weight gain. The maximum weight-reducing efficacy is observed at about 3 mg/d. 36 For this reason, although the maximum recommended dose for diabetes is 1.8 mg/d, if liraglutide was developed for the treatment of obesity, the dose range for that indication could be substantially higher. Interestingly, the effect of liraglutide on body weight in patients with obesity is greater than that of a drug specifically indicated for obesity, orlistat, even at the doses used for the treatment of diabetes (1.2-1.8 mg/d). 36
Liraglutide: clinical profile
Most available information on liraglutide is derived from a wide program of phase 3 trials, the Liraglutide Effect and Action in Diabetes (LEAD) studies, and the characteristics of which are summarized in Table 2 . These trials explore the effects of liraglutide in monotherapy and in combination with 1 or 2 oral agents; in most instances, the effect of liraglutide is compared with both placebo and an active drug.
When used as monotherapy (which is not among the approved indications of the drug), liraglutide reduces HbA 1c to a greater extent than a maximal dose of the sulfonylurea glimepiride with a much lower hypoglycemic risk and no weight gain; the only disadvantage of liraglutide is a higher incidence of nausea. 37 Used as add-on to metformin, liraglutide induces a dose-dependent decrease of HbA 1c with respect to placebo, similar to that obtained with glimepiride; however, in comparison with sulfonylurea, liraglutide has the advantage of inducing weight loss instead of weight gain. Furthermore, unlike glimepiride, the addition of liraglutide to metformin is not associated with hypoglycemia. 38 In metformin-intolerant patients inadequately controlled with sulfonylureas, the addition of liraglutide is more effective on HbA 1c , at least in the short-term, than thiazolidinedione; 39 none of the 2 drugs induces hypoglycemia, whereas their effects on body weight are divergent (weight loss with liraglutide and weight gain with thiazolidinediones). Some trials of the LEAD program have been designed to explore the effect of the drug as add-on therapy in patients inadequately controlled with 2 oral drugs. When added to a combination of metformin and thiazolidinediones, liraglutide produces a further reduction of HbA 1c . 40 One of the trials of the LEAD program compared liraglutide with a basal insulin (glargine), both administered once daily, in patients who had an elevated HbA 1c despite treatment with a combination of metformin and sulfonylureas. In this study, a similar effect on metabolic control was observed with the 2 treatments, with a divergent action on body weight (increased by insulin and decreased by liraglutide). 41 Some further trials, which were not part of the original phase 3 program, have compared liraglutide with other incretinbased therapies. In particular, the LEAD-6 trial was designed to compare liraglutuide with exenatide. After 26 weeks of treatment, liraglutide produced a greater reduction of HbA 1c than exenatide; in fact, the newer GLP-1 receptor agonists reduced fasting glucose to a greater extent, whereas its overall effect on postprandial hyperglycemia was similar to that of exenatide. 42 This difference in efficacy is consistent with the results of placebo-controlled trials, in which liraglutide, on average, produces a greater reduction of HbA 1c than exenatide. 18 The difference between the 2 drugs can be explained on the basis of their kinetic profile. In fact, exenatide, which has a rather short half-life, when administered twice daily maintains circulating concentrations within the therapeutic range only for 10-12 hours per day, whereas liraglutide action is extended over 24 hours per day, producing a greater effect on plasma glucose. The reduced variability of plasma drug levels produces another favorable consequence, ie, a more rapid induction to tolerance with respect to nausea. In fact, although the proportion of patients experiencing nausea at any time during the trial is similar to either of the 2 drugs, this side effect appears to be more transient, and therefore better tolerated, with liraglutide than with exenatide. Furthermore, liraglutide, which has a greater homology to human GLP-1, is less immunogenic than exenatide, so that its administration is associated with production of specific antibodies only in a minority of cases. However, the clinical relevance of this latter phenomenon is uncertain; in fact, the possibility that antiexenatide antibodies may blunt the long-term response to treatment is controversial. On the other hand, the effects of liraglutide on body weight and blood pressure are similar to those of exenatide. 42 Another trial compared liraglutide with the DPP-4 inhibitor sitagliptin. 34 Added to metformin, the GLP-1 receptor agonist showed a greater efficacy on HbA 1c and fasting glucose after 26 weeks, associated with a significant weight loss; conversely, sitagliptin had a higher tolerability, whereas liraglutide induced gastrointestinal symptoms in a fraction of cases. This result is consistent with that of a previous, shorter-term trial comparing exenatide with sitagliptin, 33 showing that GLP-1 receptor agonists have a greater efficacy than DPP-4 inhibitors.
Overall, the safety profile of liraglutide appears to be satisfactory. The main side effects, nausea and vomiting, are usually transient; no major adverse events emerge from phase 3 clinical trials. 18 There are still no available data about the possible risk of pancreatitis, which has been associated with GLP-1 receptor agonist therapy; however, the drug should 36 Obesity None Placebo, orlistat 26 wk not be used in patients with previous pancreatitis or with cholelitiasis. In rodent models, treatment with high-dose liraglutide induces hyperplasia of thyroid C-cells and, in some cases, thyroid medullary carcinoma; however, no cases of medullary carcinoma have been observed to date with liraglutide, and no relevant increase of circulating calcitonin has been detected during phase 3 clinical trials. It has been observed that, in comparison with humans, rodents have a much higher incidence of medullary carcinoma and a greater density of C-cells in the thyroid gland. Furthermore, the expression of GLP-1 receptors is by far higher in rodent than in human thyroid C-cells. However, longer-term observations on larger numbers of patients are needed to exclude the possibility of an increased risk of medullary carcinoma associated with liraglutide or other incretin-based therapies. 43, 44 Liraglutide has an interesting profile of action on cardiovascular risk factors, reducing, at the same time, blood glucose, body weight, and blood pressure; this drug also improves lipid profile, possibly through the reduction of weight. 2, 27 It is also possible that some of the beneficial effects of GLP-1 on myocardium described above are shared by GLP-1 receptor agonists, although this point still needs to be clarified. There is a certain expectation that long-term treatment with liraglutide, or other drugs of the same class, could be associated with a reduction of cardiovascular risk; however, the issue can be resolved only through appropriately sized randomized trials of appropriate duration. In available studies, there is no detectable increase of incidence of major cardiovascular events in patients treated with GLP-1 receptor agonists, 18 but the size of the samples enrolled and the duration of observation are largely insufficient to draw any conclusion. The US Food and Drug Administration requires, for newly approved drugs for type 2 diabetes, that such randomized trials should be performed as to exclude any increase of cardiovascular risk, with an upper limit of confidence interval for major cardiovascular events below 1.30.When this information will be available for liraglutide, we will have a clearer picture of the long-term effects of treatment with GLP-1 receptor agonists.
An overall consideration of available evidence on efficacy and safety of this drug led the US Food and Drug Administration to approve the use of liraglutide in type 2 diabetes patients failing to 1 or 2 oral agents. 43
How to use liraglutide in clinical practice
Type 2 diabetes is a complex disease, which requires more than one drug in most cases. In order to attain recommended glycemic goals, most patients receive a complex treatment with different combinations of insulin sensitizers and insulinotropic agents. Although most specialists agree that the first-choice drug, unless contraindicated, is metformin, there is no consensus on what should be preferred as add-on treatment when metformin monotherapy is not sufficient. A variety of drugs, including thiazolidinediones, sulfonylureas, glinides, α-glucosidase inhibitors, DPP-4 inhibitors, and insulin, can be added to metformin if necessary; in some cases, combinations of 3 of these agents can be prescribed.
Current guidelines are discordant on the place of GLP-1 receptor agonists in the algorithm for pharmacological treatment of type 2 diabetes. The American Diabetes Association/European Association for Study of Diabetes consensus on treatment of type 2 diabetes 32 considers GLP-1 receptor agonists a possible option in patients inadequately controlled by metformin monotherapy. Considering that the main mechanism of hypoglycemic action of GLP-1 receptor agonists is the stimulation of glucose-dependent insulin secretion, it seems logical to suppose that these drugs could be more effective in early stages of diabetes, when β-cell mass and function are still relatively preserved. Other documents, such as the National Institute for Health and Clinical Excellence guidelines, 33 recommend GLP-1 receptor agonists only as add-on to sulfonylureas and metformin in patients with obesity. This position is based on the fact that most trials (and all the available trials vs active comparators) with exenatide have been performed in patients failing to combinations of sulfonylureas and metformin. The clinical program for liraglutide described above is much wider and includes a number of trials showing that this drug has at least the same efficacy as, or a greater efficacy than, sulfonylureas and thiazolidinediones also in earlier stages of the disease (ie, in monotherapy or in combination with either metformin or sulfonylureas). Therefore, the available data justify the use of liraglutide in several different steps of therapy for diabetes.
Monotherapy, although of potential interest, is not among the currently approved indications. The only one monotherapy trial, showing superiority in comparison with glimepiride, 37 was not considered sufficient by health authorities to grant this indication. In fact, there is no evidence of superiority of liraglutide over metformin, which is universally considered the drug of choice as a first-line treatment of type 2 diabetes.
In patients inadequately controlled by metformin monotherapy, liraglutide can be used as add-on treatment. In these subjects, there are a variety of therapeutic options, and the most commonly used is the addition of sulfonylureas or thiazolidinediones. In comparison with sulfonylureas, liraglutide has at least the same efficacy on HbA 1c with no hypoglycemic risk; on the other hand, it induces weight loss instead of weight gain. 38 Furthermore, liraglutide has a greater efficacy than DPP-4 inhibitors. 34 No direct comparisons with thiazolidinediones in combination with metformin are available to date, and the only published trial vs rosiglitazone is performed in combination with sulfonylureas; 39 however, in that trial, liraglutide had a greater efficacy than rosiglitazone with divergent effects on body weight. On the other hand, the route of administration could represent an obstacle for treatment with GLP-1 receptor agonists, particularly in patient who are not motivated to lose weight. Despite this limitation, liraglutide treatment should always be considered in patients with obesity inadequately controlled on metfomin monotherapy.
Type 2 diabetes patients who are intolerant to metformin or who show contraindications to metformin are usually treated with sulfonylureas or thiazolidinediones. If sulfonylurea monotherapy is insufficient, the addition of liraglutide improves metabolic control to a greater extent than a thiazolidinedione, while reducing body weight. 39 In patients who do not reach (or maintain) glycemic goals despite treatment with 2 oral drugs (metformin plus sulfonylureas, or metformin and thiazolidinediones), liraglutide is an interesting alternative to insulin. 41 In fact, it has the advantage of a low hypoglycemic risk (if used in combination with metformin and thiazolidinediones) 40 with a lower need for intensified blood glucose self-monitoring; furthermore, it has a weight-reducing effect, and it does not induce fluid retention. 40, 41 At the same time, we should be aware of the fact that therapeutic failures could be more frequent when GLP-1 receptor agonists are used in patients with very little residual β-cell mass and function.
Conclusion
GLP-1 receptor agonists represent a very interesting new option for the treatment of type 2 diabetes. They offer the opportunity of reducing blood glucose and HbA 1c with a low hypoglycemic risk, associated with weight loss. In comparison with DPP-4 inhibitors, GLP-1 receptor agonists have the advantage of a greater efficacy and a remarkable weight reducing effect. The potential protection from decline of β-cell mass and function is an interesting perspective, which needs to be confirmed by longer-term studies. Similarly, the profile of action on cardiovascular risk seems to be favorable, but specifically designed trials on major cardiovascular events are required to verify the effect of GLP-1 receptor agonists in long-term treatment. Within this class, liraglutide is the first agent with a sufficiently favorable kinetics to allow once-daily administration; furthermore, the possibility of maintaining circulating drug concentrations within the therapeutic range throughout the day accounts for a greater efficacy of liraglutide in comparison with earlier agents of the same class.
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